N eck pain is a common disability that affects upward of 50% of the general population, with an estimated annual incidence ranging between 10% and 21% depending on age, sex, and activities. 1 -3 The facet joints are a potential source of axial and peripheral pain. 4 , 5 Specifically, facet joint pain has a prevalence of 54% to 67% in the patients treated for cervical pain. 6 , 7 Furthermore, facet spondylosis has been associated with cervical radiculopathy, and facet joint osteoarthritis accounts for up to 45% of the chronic low back pain cases. 6 , 8 Cervical radiculopathy is produced by transient and/or sustained compression of the cervical nerve root that can result from disc herniation, bony trauma, and/or changes in the intervertebral joints. 8 -11 It has been hypothesized that facet degeneration and reduction of the interfacet distance can also cause spinal spondylosis and stenosis. 12 The lumbar facet joint gap is smaller in patients with low back pain than in healthy asymptomatic volunteers. 13 In addition, facet cartilage degradation has been implicated as contributing to pain; a greater incidence of facet joint arthrosis is reported for lumbar stenosis than in healthy controls. 14 The facet cartilage layers that permit the smooth motion of the adjacent vertebrae can be eroded because of aging, mechanical injury and wear, and osteoarthritis. 15 -18 With the progression of cartilage thinning, the facet joint space also narrows, which can serve as a radiological marker of facet joint osteoarthritis. 13 , 19 The kinematics of the cervical facet joints and their articular surfaces are complicated by their complex anatomy that couples head and neck motions.
opposing articular surfaces in the cervical facet joints, which could manifest as changes in the joint space. In some patients with cervical radiculopathy, nerve root compression occurs only when there is head motion. It is hypothesized that the change in the joint architecture may be key to understanding relationships between neck biomechanics, the facet joint, nerve root, and pain. 21 , 22 Imaging techniques can characterize osteoarthritis in the lumbar facets in patients with low back pain. 23 -25 Radiography has proved useful to develop a qualitative assessment to screen facet joint osteoarthritis, but it can underestimate the degree of degeneration and can be insensitive to mildly diseased joints. 23 Both magnetic resonance imaging (MRI) and computed tomography (CT) provide fi ner resolution and have enabled a refi ned semiquantitative scoring of facet osteoarthritis. 24 , 25 Evaluating the presence of cartilage and bone erosions and osteophytes remains qualitative, whereas the narrowing of the facet joint space has been measured using CT and MRI. 24 , 25 Unlike radiography, CT and MRI do not depend on the relative orientation of the imaging system and the joint, 23 , 24 providing potential approaches for 3-dimensional (3D) measurements. 23 , 26 Although CT has better bone defi nition than MRI, concerns regarding radiation exposure and the ability to optimize imaging sequences for bone detection make MRI a potential tool for studying facet joint architecture. 19 Despite the potential pathological consequences of facet space narrowing and the availability of high-sensitivity MRI, no study has examined the feasibility of measuring the changes in facet joint architecture, including the facet joint space, because of changes in the kinematics of the opposing facets between pain-free and painful head positions.
The objective of this study was to measure the volume and thickness of the cervical facet joint space using MRI in subjects with cervical radiculopathy and in asymptomatic volunteers to investigate the potential utility of such an approach. Measurements were performed using sagittal magnetic resonance images acquired with the head in both a pain-free neutral position and in a pain-provoking position, for both subject groups. Outcomes were compared between the 2 populations and also between the 2 head positions to evaluate and normalize the changes in facet joint space dimensions in both populations.
MATERIALS AND METHODS
Age-matched asymptomatic and symptomatic subjects were recruited ( Table 1 ). The symptomatic subjects were determined to have cervical radiculopathy by clinical examination and based on positive fi ndings with electromyograph and pain radiating down 1 or both arms during left (n = 4) and/or right (n = 3) head rotation according to Neck Disability Index and Verbal Rating Score. 22 Neck range of motion was measured for each subject in bilateral axial torsion using a goniometer (CROM; Performance Attainment Associates) before imaging. The direction and angle(s) of the rotated position that elicited pain in the symptomatic subjects were recorded. Procedures were approved by the institutional review board; each subject provided consent prior to the start of the study.
Procedures adhered to the guidelines of the Committee for Research and Ethical Issues of the International Association for the Study of Pain.
All subjects underwent MRI of the cervical spine (C2-C7) using a 3T TimTrio scanner (Siemens Medical Solutions; Malvern, PA) and a standard collar-shaped antenna. The symptomatic subjects were imaged fi rst with the head/neck in the neutral position and then again with the head in the rotation position producing pain. The asymptomatic subjects underwent 3 imaging scannings with the head: (1) in neutral position, (2) rotated to the left, and (3) rotated to the right. The head rotation used for the asymptomatic subjects approximated the average rotation inducing pain in the symptomatic subjects. A FLASH 3D pulse sequence with a matrix size of 512 × 512, voxel size of 0.3 × 0.3 × 1 mm, 3 and TE/ TR = 4 ms/9 ms, optimized for bone visualization, was used to acquire 120 slices in the sagittal plane over a 7-minute scan period.
Images were analyzed using customized 3DVIEWNIX software to visualize and measure the facet space volume and thickness. 27 The digital slices including the left and right facet joint spaces at all cervical levels were identifi ed ( Figure 1A ). For each slice, the facet joint space was identifi ed as the space between the subchondral zones of the superior and inferior articular pillars, consisting of the 2 opposing cartilage layers and the gap between them. The bony articular pillars were delineated using the semimanual segmentation "live-wire" technique that identifi es the peripheral pixels of a region of interest, based on a threshold method, for the demarcation of the facet joint space. 28 The segmented slices were then assembled and fi ltered to create and render the facet joint space as a 3D object 29 ( Figure 1B ). The volume and thickness of each 3D-reconstructed facet joint space were calculated by 3DVIEWNIX. The thickness was measured along the third principal axis of inertia of the joint space volume ( Figure 1C ). For 3 of the asymptomatic subjects (AS2, AS5, and AS8), the images during head torsion were inadequate for segmentation; those subjects were excluded from image analysis for comparison with the symptomatic subjects for head rotation. One symptomatic subject (S4) experienced pain only in extension; so, facet space dimensions were absent from comparisons.
Because preliminary comparisons showed that the facet space measurements were similar in male and female subjects for both groups, they were grouped for all other comparisons. Because of the small sample size of this study, it would otherwise not allow meaningful sex comparisons. Average volumes and thicknesses were compared between the symptomatic and asymptomatic groups for each of the neutral and rotated head positions. Also, within each group, those measures were compared between the left and right sides and between the 2 head positions. The average change in measures from neutral to torsion was also normalized to values in the neutral position and compared between the 2 populations.
Although the pain-provoking position corresponded to axial torsion for all but 1 symptomatic subject (S4), the direction of head rotation was not necessarily toward the painful side for each of the subjects. Therefore, statistical tests compared the groups in left torsion and in right torsion using t tests; comparisons between the left and right facet joints at each level were performed using paired t tests. Within each population, an analysis of variance tested comparisons between the cervical spinal levels.
RESULTS
Torsion range of motion was greater in the asymptomatic group (67.8 ± 9.9 ° ) than in the symptomatic group (57.8 ± 18.1 ° ) but not signifi cantly ( Table 1 ) 
TABLE 2. Summary of Major Findings Comparing Facet Joint Space Dimensions Among Symptomatic and Asymptomatic Groups
No difference between the left and right facet joint space dimensions in either population.
No difference in facet space volume between head positions in either population.
The facet space volume is smaller in the symptomatic than in the asymptomatic population, on both sides below C4, in the neutral position.
The facet space volume is smaller in the symptomatic than in the asymptomatic population, on the left side below C3, in left torsion.
The facet space thickness is smaller in the symptomatic than in the asymptomatic population, only on the left side below C4, in both neutral position and left torsion. and all other levels (*) ( P < 0.05) and between the symptomatic and asymptomatic populations ( †).
trend was also observed in both left torsion and right torsion ( Figure 2 and Table 2 ). Similarly, there was no difference between the left and right joint space thickness at any level in either position, except in neutral for the asymptomatic subjects at C5-C6 and C6-C7, where thickness was significantly greater in the left joints ( Figure 3B ). In the asymptomatic group in neutral position, both the joint volume and the thickness of the left C2-C3 were signifi cantly smaller ( P ≤ 0.049) than any other level ( Figures 2A and 3A ) . There was no difference in volume between neutral and torsion at any level, on either side, and in both populations ( Figure 2 and Table 2 ). Thickness varied only at isolated levels in each group. For the symptomatic population, the average thickness in the right C3-C4 joint was greater ( P = 0.011)
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during left torsion and smaller ( P = 0.016) during right torsion than in neutral ( Figure 3 ). For the asymptomatic subjects, the average thickness in the left C4-C5 joint was decreased from neutral ( P = 0.034) during left torsion but was increased ( P = 0.034) during right torsion in the right C6-C7 joint ( Figure 3 ) .
In both head positions, facet space volumes of the symptomatic subjects were nearly half those of the asymptomatic subjects at all levels except C2-C3 ( Figure 2 ). Differences were signifi cant on the left at all levels except C2-C3 in neutral and left torsion ( P ≤ 0.042) ( Figure 2 ) . On the right, the differences in volume were signifi cant at C4-C5, C5-C6, and C6-C7 in neutral ( P ≤ 0.031), at C4-C5 in left torsion ( P = 0.034), and at C5-C6 in right torsion ( P = 0.002) ( Figure 2 ) . Similarly, the left and right facet space thickness in the symptomatic subjects was nearly 2.3 times smaller than in the asymptomatic subjects, at all levels except C2-C3 and C3-C4, in both neutral and torsion ( Figure 3 ). These differences were signifi cant at C4-C5, C5-C6, and C6-C7 in the left facets for both neutral and right torsion (E and F) . Symbols denote significant differences between C2-C3 (C23) and all other levels (*), between the symptomatic and asymptomatic populations ( †), the left and right facet joints ( ‡), between neutral and left torsion ( §), and between neutral and right torsion ( ¶) ( P ≤ 0.05).
( P ≤ 0.022) and left torsion ( P ≤ 0.043) ( Figure 3 ). There was no difference between the groups ( P ≥ 0.455) in thickness on the left during right torsion ( Figure 3E ). On the right side, thickness was up to 30% greater in the asymptomatic population at all levels in neutral, but this was signifi cant only at C4-C5 ( P = 0.026) ( Figure 3B ). There was no difference in right joint space thickness between the 2 populations in torsion to either side ( Figure 3 ) .
During left torsion, the normalized change in volume of symptomatic subjects on the left increased and was greater than that of asymptomatic subjects at C3-C4 and C4-C5 ( Figure 4A ). Similar differences were evident in the right joints but were signifi cant only ( P ≤ 0.038) at C3-C4 and C4-C5 ( Figure 4B ). The normalized change in thickness tended to increase in the symptomatic population and decrease in the asymptomatic population ( Figure 4 ) . The only signifi cant differences between the groups were at C3-C4 and C4-C5 on the left ( P ≤ 0.043) and at C2-C3 and C3-C4 on the right ( P ≤ 0.049) ( Figure 4 ) . During right torsion, the normalized and thickness (C and D) in the left and right facet joints in the symptomatic (Symp.) and asymptomatic (Asymp.) subjects from neutral to left torsion. Significant differences (* P ≤ 0.05) between symptomatic and asymptomatic groups were identifi ed at isolated levels.
Figure 5. Normalized changes in volume (A and B)
and thickness (C and D) in the left and right facet joints in the symptomatic (Symp.) and asymptomatic (Asymp.) subjects from neutral to right torsion. A signifi cant difference (* P = 0.029) between symptomatic and asymptomatic groups was identifi ed only at C6-C7 (C67) on the right. change in volume decreased in both groups only on the left ( Figure 5 ). No signifi cant differences were detected between the 2 populations. The normalized change in thickness was similar in both populations on both sides at all levels except on the right at C6-C7 where it was signifi cantly greater ( P = 0.029) in the asymptomatic group ( Figure 5 ).
DISCUSSION
This is the fi rst in vivo quantifi cation of cervical facet joint space volume and thickness in pain-free and pain-provoking positions. Although only limited signifi cant differences were detected ( Table 2 ) , facet joint space volume and thickness were smaller in neutral at all levels in subjects with cervical radiculopathy than in asymptomatic volunteers ( Figures 2 and 3 ) . The bilateral joint space thicknesses of asymptomatic subjects in neutral at all levels ( Figure 3 ) agree with a prior report of the distance between the subchondral margins at C3-C4 (2.38 mm) for asymptomatic volunteers. 30 The difference in thickness between the studies may be due to differences in ages and measurement methods. Cascioli et al 30 measured the linear joint space on planar radiographs, in contrast to the 3D rendering of the joint space used here ( Figure 1 ) . Also, the asymptomatic subjects in our study are older ( Table 1 ) than the mean of 23 years old reported in that study. 30 The facet joint space thickness decreases with age in both healthy and low back pain subjects, 13 which would explain our lower average thickness (1.90 mm). A lack of differences in volume and thickness between the left and right joints in neutral in both populations ( Figures 2 and 3 ) also agrees with literature. 13 The thicknesses for asymptomatic subjects in neutral are of the same order of magnitude as for those with normal facet joints. 24 , 31 Weishaupt et al 24 reported the healthy lumbar facet joint width, defi ned as the thickness of the 2 cartilaginous layers, to be 2 to 4 mm. Because cervical facets are smaller than lumbar joints, the normal cervical facet width is expected to be similarly less. Indeed, using sagittal sections of cadaveric human cervical spines, Yoganandan et al 31 approximated the cartilage layer to be 0.7 mm at C2 and 0.4 to 0.6 mm at C3-C7. Including the interfacet gap ranging from 0.3 to 0.7 mm 32 would place the estimated cervical joint space between 1.1 and 2.1 mm, which is consistent with our measurements.
There was no signifi cant difference in volume and thickness of the facet joint space between neutral and torsion in either population. However, both of these measurements for the facet joint space were smaller in the symptomatic than in the asymptomatic group. Similarly, the normalized changes in volume and thickness from neutral to torsion were different in the 2 populations and were greater in the symptomatic group. The fact that both the volume and thickness of the joint were smaller in the symptomatic population supports the notion that changes in facet joint architecture may be related to pathology. In addition, the fact that the normalized changes in both volume and thickness were greater in the left joints of the symptomatic population when undergoing left torsion suggests that facet joint kinematics may be altered in the symptomatic group. However, large variations in the results prevent concluding whether such architectural changes cause or result from the pathology.
The differences in architectural relationships detected between the 2 populations were more signifi cant on the left side than on the right side ( Figures 2 and 3 and Table 2 ). This is likely due to the fact that the pain was diagnosed at the same cervical level on the left side for the symptomatic subjects who experienced pain when turning to their left. In contrast, for those symptomatic individuals with pain when turning to the right, the painful level varied across individuals. The volume was smaller in the symptomatic group below C3 on the left side in both the neutral position and the left torsion and below C4 on the right side only in neutral position. Similarly, the thickness was signifi cantly smaller in the symptomatic group only on the left side below C4 in both positions. The volume and thickness of the left joint spaces being smaller in the symptomatic population in both the neutral and the left torsion ( Figures 2 and 3 ) suggests that the morphology of the joint space and the architecture of the joint may indirectly contribute to modifi ed kinematics of the spine. This is also supported by the fi nding that the normalized changes in volume and thickness during left torsion tended to increase in the facet joints of the symptomatic volunteers whereas they decreased in the asymptomatic group ( Figure 4 ) . Indeed, although the range of motion was not different between the 2 groups, it was smaller in the symptomatic group ( Table 1 ) . This lack of difference may be attributed to the fact that the symptomatic subjects experienced pain when rotating only to 1 side and that for half of them, pain was elicited only at the extreme rotation ( Table 1 ) . Although pathological tissue loading could be elicited at a single or multiple levels, the overall head rotation measured in symptomatic subjects could be reached through compensatory motions at nonpathological levels, which would suggest that the source of pathology may be localized at a single level, not necessarily corresponding to the radicular pain level. In addition, the increase in pain associated with head torsion suggests that nerve root impingement may occur from a transient change in the bone/nerve architectural relationship, such as foraminal narrowing, because of a reduction in facet joint space. Although the differences in facet joint space between the 2 groups were not overwhelmingly signifi cant, the present data suggest that changes in facet joint architecture may provide anatomical evidence of pathophysiology that relates to symptoms of radicular pain. Indeed, these outcomes support the notion that pain and functional dysfunction are related, which can also alter joint architecture and mechanics, leading to further pathology. 33 It could be hypothesized that the differences in facet joint architecture between symptomatic and asymptomatic subjects are a consequence, and not the cause, of pathology. For instance, altered joint architecture could result from disc degeneration at the index or adjacent level, 34 , 35 which was not evaluated here but is possible also using MRI. For 3 of the 4 symptomatic subjects (S1, S6, and S9) experiencing pain during left torsion, electromyograph identifi ed the left C7 level as the pain source (data not shown). Although both the C6-C7 volume and the thickness were signifi cantly smaller in symptomatic subjects during left torsion, that was also the case at other levels and was evident in neutral ( Figures 2 and 3 ) . If the altered architecture of the left C6-C7 facet is the source of pathology for those subjects, the C6-C7 normalized changes from neutral to left torsion would likely also be different from the asymptomatic subjects, which was not the case ( Figure 4 ) . Therefore, the altered facet joint architecture, facet mechanics, and changes in the architectural relationship between the nerve root and surrounding tissues are likely mutually infl uential and all contribute to radicular pain. For instance, cervical musculature plays an important role in modifying spinal mechanics and in altering facet mechanics and possibly leading to facet pain, in particular. Nearly 23% of the cervical facet capsular ligament is covered by muscle, 36 which can provide an additional load path for that joint when such muscles are activated. In addition, the multifi dus can generate an axial torque of 0.3 N·m, which combined with the moment-generating potential of other paraspinal muscles could suffi ciently modify the relative motions of adjacent vertebrae and alter the architecture of the facet joint. 37 Muscular weakness and atrophy have been reported in cases of neck and back pain, 38 -41 which could also change facet joint space architecture. Certainly, additional studies are needed to assess the contribution of muscles on facet joint architecture and biomechanics.
Although preliminary, this is the fi rst study to quantify cervical facet joint space architecture in pain-provoking conditions for both healthy subjects and those with pain from cervical radiculopathy. Although CT is more clinically relevant, use of MRI permits the analysis of other soft tissues, 22 and its relatively low radiation dosing enables longer imaging times. In addition, the results show that a standard T2 MRI sequence can permit measurements of the facet space with resolution suffi cient to detect differences ( Table 2 ) . Despite a relatively small group size, the statistical power ranged between 49% and 100% for the differences detected between the symptomatic and asymptomatic groups, supporting the assertions made here. Although there can be a mismatch between clinical symptoms and MRI fi ndings, the work in this study and a companion investigation that identifi ed differences in the architectural relationships between the bony and neural tissues between these 2 groups 22 both support that changes in the architectural relationships between the many spinal tissues are associated with radiculopathy. This work detected a signifi cant difference in facet joint space architecture between cervical radiculopathy and asymptomatic populations in both neutral and torsion positions. However, the data do not support a direct correlation between the changes in facet joint architecture during head rotation and radiculopathy symptoms. Nonetheless, this study does demonstrate that in vivo measurements of facet joint architecture can be performed using standard MRI techniques, which could be implemented for the diagnosis and follow-up of spinal arthrosis. Such measurements can potentially help better contextualize and identify the source of pain. Although these analyses are currently time-consuming, advances in medical image processing, particularly in anatomy recognition and delineation, 42 will improve automation for faster diagnosis and monitoring of clinically relevant measures.
increased in these same joints in the symptomatic subjects at the C7 level only on the left side. A standard MRI T2 sequence optimized for bone is feasible for measuring facet joint space dimensions and their changes and can potentially provide context for understanding mechanisms by which tissue loading relates to pain symptoms.
➢ Key Points
Facet joint space volume and thickness at the lower cervical levels are smaller in subjects with radicular pain than in asymptomatic subjects. These diff erences are signifi cant in both the neutral and the left torsion position, especially in the left facet joints. There is no diff erence in the volume or thickness of the C2-C3 facet joint space between symptomatic and asymptomatic subjects in any head position. The normalized changes in volume and thickness from neutral to a pain-provoking head rotation to the left decreased in the C3-C4 joints on both sides in the asymptomatic subjects, whereas they
